The response of human muscles triceps brachii and vastus lateralis to training, consisting of 18.5 miles a day of skiing with a backpack, 6 days a week for 8 weeks, has been investigated by means of histochemical fiber typing (myofibrillar ATPase) as well as immunohistochemical discrimination of slow and fast myosin (n = 6). A detraining period of 33 weeks was also studied. The percentage of type 2 fibers decreased by 6% in the triceps brachii during training, whereas the intermediate fiber type increased by 4%. No change was found in the distribution of fiber types in the vastus lateralis during training or in both muscles during detraining. The ATPase intermediate fibers also stained intermediately in the immunohistochemical stainings for slow and fast myosin. These results show that transformation of a fraction of the type 2 fibers into the intermediate type may occur as a response to endurance training.
T h e overwhelming number of longitudinal training studies performed to date on human and animal muscle provide, with few exception~,2J*"*~" no evidence of interconversion between slow-twitch (type 1) and fast-twitch (type 2) muscle fib e r~.~*~~*~~*~~*~~~~ T h e high percentage of type 1 fibers in the muscles of endurance athletes and the low percentage of this fiber type in sprinters8.'"2 have therefore been ascribed to genetic factors. T h e failure to observe a training-induced fiber type intercoriversion may, however, be due to the fact that no experiment has subjected a sufficiently untrained muscle to a sufficiently comprehensive and protracted training program. This explana-tion is supported by the studies of Jansson and c o -w o r k e r~,~~ who noted a decrease in type 1 fibers (17%) with a concomitant increase in fibers staining intermediately with myofibrillar adenosine triphosphatase (ATPase) stain (1 I%), when a group of distance runners changed its training regimen from protracted running at lower intensities to a running program at higher intensities but with shorter duration. This intermediately staining fiber type, which has been termed type 2G9 "uncla~sified,"~~ or type 2C-1B" may well be a transitional stage between type 1 and type 2.
T h e aim of the present study was to investigate whether an untrained muscle (triceps bracliii) and a postural and therefore relatively trained muscle (quadriceps femoris, vastus lateralis) in humans would respond to extensive endurance training of very long duration with a type 2 to type 1 interconversion and/or with a n increased proportion of intermediate type fibers. For this purpose, we employed both histochemical and immunohistochemical techniques.
MATERIALS AND METHODS
Subjects. Six healthy men, average age 25 years, (range 23 to 30), height 183 cm (175 to 197), antl weight 76 kg (67 to 84). participated in this study. They were informed about the procedure antl risks involved in the experiments before they volunteered. T h e study was approved by the Com- Ethics at Karolinska Institutet. The subjects had performed regular physical exercise 2 to 3 times for about 40 minutes per week, mainly involving the legs (running, bicycling, cross-country skiing) for several years prior to the study. However, due to injuries and illnesses, only 2 subjects had been training regularly in the months immediately preceding the study. No subject had performed any arm training in the 8 months prior to the study. The triceps brachii muscle could therefore be characterized as truly untrained for the type of work it was going to perform. Normal training, such as running and bicycling, was recommenced during the detraining period. N o specific arm training was performed during the detraining. All subjects had sedentary occupations.
Training. The training consisted of about 930 miles (1,500 km) of skiing with backpacks (25 kg) in the Swedish mountains. The distance was covered in 50 effective days of skiing, subdivided into 8 stages of about 6 days each, with 1 day of rest in between. The group thus skied about 18.5 miles per day, using about 5.5 hours of effective exercise each day.
Muscle Sampling. Muscle biopsies for histochemistry, immunohistochemistry, and enzymatic analysis were obtained from the middle portion of the lateral head of the quadriceps femoris (vastus lateralis-VL) in both the left and right leg and from the middle-lower portion of the medial head of the left triceps brachii (TB) using the needle-biopsy technique? Sampling from all 6 subjects was performed before training (week O), after the third week of training (week 3), immediately after training (week 8), and at 6 weeks of detraining (week 14) . Additional muscle samples were taken from the arms at 33 weeks of detraining (week 41). Sampling was performed around 48 hours (week 3; 24 hours) after the last exercise session. No attempt was made to standardize the sampling with respect to the time of day.
Histochemical and Immunohistochemical Methods.
The samples were immediately mounted in an ernbedding medium O.C.T. compound (Tissue-Tek 11, Lab-Tek Products, Naperville, IL) and frozen in isopentane, which was cooled in liquid nitrogen and stored at -80" C until analysis. Serial transverse sections (10 pm) were cut with a microtome at -20 C and stained for myofibrillar A T p a~e , '~,~~ NADH-tetrazolium reductase (NADH-TR)35 mitochondrial a-glycerophosphate dehydrogenase (Q-GPDH)~~ activities, as well as with the amylase-PAS method for visualizing capillaries' and with an immunohistochemical method for demonstrating different myosin types. Sections to be stained for myofibrillar ATPase were preincitbated at different pHs in acid (acetate) or alkaline (glycine) buffers as described in Figure 1 .
The fibers were classified on the basis of their staining intensity (myofibrillar ATPase) into fiber types 1 and 2,12 and into the subgroups 2A and 2B,6 and 'ype 2C5,9 and 1B," as shown in Figure  1 . Two biopsies from each subject at each sampling were generally used for the fiber typing. Type 2C and 1B fibers will henceforth be referred to as intermediate fibers, except in the immunohistochemical section, where type 2C and 1B are discussed separately.
In our investigation type-specific antirabbit myosin sera prepared from guinea pigs were used. It has been previously shown that our antirabbit slow myosin (anti-SM) and antirabbit fast myosin (anti-FM) sera are specific to their homologous antigens and do cross-react with human Antirabbit heart myosin light chain (antiheart-LC) serum cross-reacts with the light chains of slow myosins but not with fast myosins obtained from various species, such as rabbit and human. Therefore, this serum serves as an excellent marker for slow-type myosin light chains. Immunocytochemical detection of myosin types was performed on sections essentially as described by Billeter and co-workers: The procedure was modified insofar as the peroxidase-antiperoxidase complex (PAP4"), was chosen to visualize the reaction between antimyosin and myosin. In previous studies, a protein A-peroxidase conjugate was used!,31 However, the PAP complex allows higher serum dilutions. The dilutions of antisera were anti-SM 1 : 20 or 1 : 30, anti-FM 1 : 500 or 1 : 1000, and antiheart-LC 1 : 100 in phosphate buffer solution (PBS), (NaCI 0.14 M, KCI 0003 M, Naphosphate 0.01 M, pH 7.3) and rabbit antiguinea pig IgG (Cappel Lab. Inc., Cochranville, PA) 1 : 50, PAP (for example, guinea pig, Cappel) 1 : 50, in serum-PBS (rabbit nonimmune diluted 1 : 20 in PBS).
Rating the Intensity of Immunohlstochemical, Myofibrillar AtPase, Oxidative, and Glycolytic Staining. The staining intensity of single fibers in the immunohistochemical and the myofibrillar ATPase stainings was examined microphotometrically. It soon became evident that it was easy, on the basis of microscopic inspection, to predict the rating made by the apparatus. Since the microphotometric rating was very time-consuming, the remainder of the sections were therefore examined subjectively. The microphotometric determinations were performed using an M.P.V. microphotometer (Leitz, Wetzlar, West Germany). The measuring field was 200 pm' in the center of the fiber. Tht. transmission of light through the immunohistochemical (450 nm) and myofibrillar ATPase (470 rim) stainings was measured in relation to the transmission through the slide, the mounting medium and cover glass just outside the section. Subjective ratings were performed independently by 2 persons on a scale from 1 (light) to 5 (dark). Mean values were employed in the few cases when the ratings differed. The mean values for light transmission through the different fiber types were also converted according to this scale. A subjective rating of the oxidative (NADH-TR) and glycolytic (a-GPDH) capacity of the intermediate and types 1 and 2 fibers in the TB at week 8 and week 41 was carried out as described. The type 1 and type 2 fibers stained homogeneously in both stainings and were rated grade 3 (dark) or 1 (light).
Area Measurements. Sections stained with the amylase-PAS method were used in measuring the cross-sectional areas of the muscle fibers. The measurements were made using a grid method.'O The emphasis in this paper with respect to area results is to compare each subject's intermediate fiber type area in relation to the area of types 1, 2A, and 2B fibers.
Other area results will be published separately.46
Number of Samples and Fibers Included in the Determination of Staining Intensity and Cross-sectional
Area of Intermediate Fibers. In general, the aim has been to include as many samples as possible in the determinations. However, in some samples the number of intermediate fibers suited to determination was too low to permit any satisfactory comparison. All of 16 samples (mainly from week 8 and week 14; 8 from T B and VL, respectively) from 4 subjects were examined in a random sequence. From each sample about 20 fibers each of fiber types 1, 2A, and 2B, as well as about 10 intermediate fibers, were examined or rated. A total of 11 samples from 5 subjects' T B at weeks 8 and 41 were rated. All of 12 samples from 5 subjects constituted the basis for the comparison of the intermediate fibers to the other fiber types. The area of about 40 fibers of each fiber type 1,2A, and 2B, as well as about 10 intermediate fibers from each sample was measured.
Statistics. Results in the text and tables concerning fiber type distribution are given as median value and range. Other results will be given as means and ranges or standard error of mean (SEM). A twoway analysis of variance (ANOVA) of no difference in means was applied to the data on fiber type distribution. When the ANOVA indicated an overall significance between the sampling occasions, comparisons among m e a n P were applied. (20- 26 Only differences with a significance probability level of <0.05 has been designated in figures and tables or commented on in the text. Otherwise this has been stated. The intraindividual differences in area of types 1, 2A, and the intermediate type fibers were compared using paired Student's tte~ts.4~ In that test, the intermediate fibers were used twice to form intraindividual differences, which is why a higher significance level ( P < 0.01) was chosen. 28) and 8% (4 to 28), respectively, as cornpared to the pretraining status, and intermediate fibers were still seen in 5 out of 6 subjects (4.5%, 0.0 to 15.4).
RESULTS

Fiber
Vastus lateralis. During the 8 weeks of training as well as during 6 weeks of detraining, there was no change in the proportion of any fiber type in the vastus lateralis (VL) (median values and ranges given in Table 2 ). fibers in both the TB and VL displayed distinct staining intensity patterns. Type 2 fibers stained darkly with anti-FM and lightly with anti-SM and anti-HLC, whereas the type 1 fibers displayed a reciprocal pattern of staining intensity. On the basis of the staining for myofibrillar ATPase, intermediate fibers could be subdivided into type 2C and 1B fibers (see Materials and Methods). They also stained in different and rather distinct patterns when the immunohistochemical method was employed. Type 1B fibers stained nearly as darkly with anti-SM and anti-HIX as the type 1 fibers, but displayed intermediate staining with anti-FM. Type 2C fibers stained nearly as darkly as type 2 fibers with anti-FM, but stained intermediately with anti-SM and anti-HLC (Fig. 2) . In the VL, the staining pattern in 1B and 2C varied somewhat more than in the TB. Furthermore, in some rareiy occurring fibers in the VL, the ATPase staining intensity after alkaline preincubation was between During the following 33 weeks of detraining (week 41) , the glycolytic staining intensity of the intermediate fibers increased, whereas the oxidative staining intensity decreased in 3 of the 5 subjects.
Area of Intermediate Fibers Compared to Other Fiber
Types. When each subject's fiber type 1 and 2A areas in T B were compared to the area of the intermediate fibers, it was found that the area of type 1 was on the average 19.1% % 4.0 ( P < 0.001) smaller, and that of type 2A was 22.8% t 6.0 ( P < 0.01) larger (Fig. 4) other fiber types in 5 samples from 2 subjects. In these samples, the type 2B fiber areas did not differ from that of the intermediate fibers "1,160 ,urn2 (3,880 to 8,830) vs 6,110 ,urn2 (4, 200 to 7,500) n.s.1.
Muscle Fiber Morphology. Eleven cases of longitudinally divided muscle fibers were found in a close examination of serially cut biopsy sections. They were evenly distributed among the 5 sampling sessions, including pretraining, and were seen in 5 of 6 subjects. Six of the cases were observed in the VL and the other 5 in the TB. Type 1 and type 2A fibers were affected to about the same degree. There were no obvious signs of fiber type grouping or atrophy. The mean fiber areas remained virtually unchanged during the experimental period. Nor was there any obvious increase in fiber size variability.
DISCUSSION
The main results of this training study were that the proportion of type 2 fibers decreased in the previously untrained arm muscles, while there was a concomitant increase in intermediate fibers. Even after a detraining period of 33 weeks, the percentage of type 2 fibers in the arms still had not reverted to the pretraining level, and intermediate fibers were still found in 5 out of the 6 subjects. N o similar change was seen in the postural, and therefore previously better trained, leg muscles.
There is evidence suggesting that the intermediate fiber is in a state of transition into either type 1 or type 2. Thus, it has been shown that myofibrillar ATPase intermediate fibers have contraction times between those of type 1 and 2 fibers (rat),27'28 and contain both fast and slow myosin (rabbit, Furthermore, intermediate fibers have been seen in connection with the transformation from type 2 to type 1 fibers in rat muscle in response to endurance training34 and rapid as well as in rabbit muscle subjected to long-term electrical ~timulation.3~
That the intermediate fiber in fact represents a transitional stage is in the present study supported by the following: ( I ) a decrease in the percentage of type 2 fibers; (2) However, if the intermediate fibers in the present study are signs of fiber type transformation, their failure to regress after a half year of detraining may seem strange, since total fiber type reconversion after discontinuation of long-term electrical stimulation of rabbit fast muscle occurs within 10 to 12 weeks4' During the 33 weeks of detraining, however, the oxidative and glycolytic staining pattern of the intermediate fibers changed from one resembling the type 1 fibers to one more nearly resembling the type 2 fibers. This change may be indicative of an ongoing reconversion or a sign of a reconversion to come. The discrepancy between our results with respect to retransformation and those of S a l r n o n~~~ may be due in part to the circumstances during detraining. In Salmons' study42 the rabbits were kept under the sedentary conditions of an animal colony during detraining, whereas in the present study the subjects made daiIy use of their arms in a rather uncontrolled fashion. The discrepancy may also be due to differences in the rate of myosin turnover in humans and rabbits.
Theoretically, an explanation for the appearance of intermediate fibers during training and detraining could be that the repeated biopsy sampling caused nerve damage followed by reinnervation, a condition that has been suggested as the cause of increases in the number of intermediate This possibility cannot be ruled out, although it seems unlikely since there were no signs normally indicative of nerve damage, fiber injuries, or reinnervation, such as atrophy, myotubes, or type grouping?6*x2,39 Furthermore, there was no obvious increase in the variability of fiber areas, and the mean fiber type areas remained virtually unchanged. The few cases of divided type 1 and type 2A muscle fibers seen in both the VL and T B probably represent normal structural features as have been described for rat muscle,l6 since they also were observed prior to training.
KugelbergZ8 pointed out that intermediate fibers may either occur at the level of a single muscle fiber or an entire motor unit. The first situation was noted in less than 1 % of the fibers in otherwise histochemically uniform units and was regarded as probably being due to a subterminal spr0ut.2~ This may even be the origin of the small number of intermediate fibers normally seen in humans. In the latter situation, when entire motor units are histochemically intermediate, Kugelberg suggested that the cause must be due to altered neural influence. The aforementioned long-term stimulation studies of animal muscle suggest that histochemical fiber types are determined by the motor neuron firing Therefore, the question to be answered in order to explain the occurrence of intermediate fibers in this study might be whether or not it is possible, with training, to change the discharge rate of the motor neurons innervating type 2 muscle fibers to an extent which induces fiber type alteration. T o our knowledge, this matter has never been investigated. However, it is evident that the minimal and maximal firing rates of motor ~n i t s , '~'~~'~* as well as the sequence of recruitment,~wn.4a may be affected by the afferent input. This indicates, at least, that motor unit electrical activity and activation does not depend solely on the unit's intrinsic properties but leaves open the question of the possible influence of physical training. Another conceivable explanation for the increase in intermediate fibers could be that training as such induced limited collateral sprouting. This has been found in rats subjected to treadmill running.4l
Irrespective of this discussion, it seems reasonable to assume that a prerequisite for fiber transformation from fast to slow is involvement of the fast-twitch fibers in a type of activity in which the slow muscle fiber type is normally superior. This may be brought about, for example, when endurance exercise performed by a muscle demands greater tension than that which can be developed by the muscle's total type 1 fiber population alone, and following whole or partial glycogen depletion of the type 1 fibers, for example, after prolonged submaximal exercise."s In the present study, different findings indicate that the total tension development capacity of the type 1 fibers, in relation to the work load, was more likely to be insufficient in the T B than was the case for the capacity of the type 1 fibers in the VL. (1) The subjects clearly experienced greater relative exertion in their arms, (2) the 10.8% (-0.2 to 29.9) smaller proportion of type 1 fibers in the T B compared to the VL, and (3) the relatively smaller type 1 fibers in the T B compared to the VL. The fact that the number of intermediate fibers in the triceps increased considerably more (17.4%) in one subject with a very small percentage of type 1 fibers (19.9%) lends support to this explanation. The same subject also had a small proportion of type 1 fibers in his legs, and was the only subject in whom an increased percentage of intermediate fibers was found in the legs (Fig. 5) . The different initial training status of the two muscles may further explain the different response to training. The pretraining capillary supply and oxidative enzyme activities were markedly greater in the VL than in the TB. Thus, more rapid exercise-induced glycogen depletion in the TB can be expected (for discussion, see reference 23), resulting in earlier and/or more extensive involvement of type 2 fibers in the development of tension. Furthermore, the nature of the work performed by the two muscles differed. The arms performed dynamic work almost exclusively, whereas the leg work also comprised isometric-eccentric contractions.
In conclusion, it appears likely that a limited transformation between fiber types 2 and 1 may occur physiologically and that the intermediate fiber type constitutes a transitional phase of this transformation. However, the question of whether more extensive transformation may occur, leading to the extreme fiber type distributions seen in athletes, cannot be answered by the present study.
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